The mechanisms of cell cycle exit by myoblasts during skeletal muscle development are poorly understood. Cell cycle arrest is known to be a prerequisite for myoblast fusion and subsequent differentiation. Despite tremendous knowledge on myoblast fusion and differentiation, tissue-specific factors that spatio-temporally regulate the cell cycle exit are not well known. In this paper, we show that the transcriptional factor/co-activator "Erect wing" (Ewg) synchronises myoblast cell cycle exit with that of the fusion process. Ewg-null myoblasts show delayed temporal development of dorsal longitudinal muscles (DLMs), a group of indirect flight muscles (IFMs), which culminates to abnormal and asymmetric muscle pattern. A role for Ewg in cell cycle exit at G1/S stage is also shown. Reducing Cyclin E dose in Ewg-null mutant rescues the lack of IFMs and flight ability. Thus, we show that Ewg repression of Cyclin E expression is required for the arrest of myoblast proliferation and initiate myoblast fusion and terminal differentiation.
Introduction
During tissue formation, coordination of cell proliferation, cell cycle exit and differentiation is important to attain functional and appropriate sized tissues. Exit from cell cycle is a prerequisite for a cell or tissue to grow and differentiate. Much knowledge of the intrinsic mechanisms underlying the cell cycle is available, but the tissue-specific factors that trigger temporal regulation of cell cycle exit are not widely known. The current knowledge about exit of cell cycle in a tissue includes role of Cdk inhibitors (CKIs) that inhibit G1 Cyclin/Cdk complex activity or role of Retinoblastoma in inhibition of E2F activity (reviewed in Zhu and Skoultchi, 2001 ). G1 Cyclins comprise of Cyclin D and Cyclin E; Cyclin E being crucial for G1-S transition (Schafer, 1998) . E2F and Cyclin E have been shown to act as positive feedback regulators (Zhu and Skoultchi, 2001 ). However, in differentiating tissues where these feedback mechanisms recede, unknown developmental signals upstream of E2F and Cyclin E/Cdk2 are proposed to affect the timely exit of cell cycle (Buttitta et al., 2007) . Such signals/mechanisms have not been explored in syncytial tissues like muscles in vivo.
The indirect flight muscles (IFMs) of Drosophila are the largest muscles in the thorax and are similar to vertebrate skeletal muscles in morphology and development, making them an ideal model to study processes related to muscle development (Rai et al., 2014b; Sparrow et al., 2008; Taylor, 2006) . One set of IFMs, the dorsal longitudinal muscles (DLMs) are formed by fusion of adult muscle precursors (AMPs or myoblasts) to three larval oblique muscles which serve as templates and undergo splitting to give six adult DLMs; and the other set, dorsal ventral muscles (DVMs) form de novo in each hemithorax (Fernandes et al., 1991) . During IFM myogenesis, a transcription factor/coactivator, Erect wing (Ewg) starts expressing in the myoblasts prior to the fusion process (DeSimone et al., 1996) . Yet, it is not known whether Ewg provides any fusion competence to the myoblasts. The evolutionarily conserved regions of Ewg are known to contribute both positively and negatively to transcriptional activity (Fazio et al., 2001) . However, the action of Ewg through its possible transcriptional targets has not been looked at so far. The available literature presents the requirement of Ewg for embryonic neuronal development (de la Pompa et al., 1989; DeSimone and White, 1993; Haussmann et al., 2008) and adult IFM formation (Deak, 1977; Fleming et al., 1982) . In IFMs, loss of Ewg function results in degeneration of DLM larval templates and missing adult IFMs (DeSimone et al., 1996; Roy and VijayRaghavan, 1998; Xin et al., 2011) .
In this study, we report a novel mechanism of Ewg's function in coordination of cell cycle exit with myoblast fusion. Ewg executes this function through regulation of Cyclin E expression in the fusing myoblasts. This subsequently governs the number of fusion events in a given time, and determines the developmental progression of DLM differentiation and DLM pattern establishment. Our study provides evidence for the transcriptional regulation of cell cycle genes during Mechanisms of Development 141 (2016) 
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Materials and methods

Fly strains
Canton S was used as wild type with the ewg l1 , NS 4 mutant (a null for Ewg expression in myoblasts (DeSimone and White, 1993) , Fig. 1B-B‴) . Dmef2-Gal4 and AB1-Gal4 was used to drive tissue specific expression in the IFMs and salivary-glands respectively. Act88F-GFP was used to track the developing IFM. UAS-Rab4-mRFP was used to look at the changes in early pupal muscle membrane at the splitting axis. Knockdown of Ewg and Cyclin E was carried out using Bloomington RNAi lines #31104 and #33654 respectively. Over-expression of Ewg and Cyclin E was carried out with UAS-Ewg (Haussmann et al., 2008) and UAS-Cyclin E (Bloomington#4781).
Flight test
The IFM activity of 2-3 old adult flies was accessed at room temperature (22°C) as previously described (Rai et al., 2014a) . Flies were scored as up, horizontal, down or non-flying. (H) Graph shows 10%, 30% and 60% mutant hemithoraces with no, one to two or complete three DVM respectively (n = 90 for mutant and 50 for wild type). Scale bars: 50 μm.
Polarised microscopy
Polarised microscopy was done following protocols described in Nongthomba and Ramachandra (1999) . 2-3 day old bisected flies were dehydrated in alcohol series, 1 h each in 50%, 70%, 90% and 100% ethanol, followed by 1 h in methyl salicylate and mounted in DPX (Qualigens). Images were taken using an Olympus SZX12 microscope and Olympus C-5060 camera.
Confocal microscopy
Following antibodies were used in the study: rabbit anti-Ewg (1:100, a kind gift from Dr. Sudipto Roy, Institute of Molecular and Cell Biology (IMCB), Singapore), rabbit anti-Mef2 (1:100, a kind gift from Dr. Eileen Furlong, European Molecular Biology Laboratory, Heidelberg, Germany), rabbit anti-Cyclin E (1:5, sc-33,748, Santa Cruz Biotechnology, Inc), rabbit anti-Twist (1:500; kindly provided by Dr. Jyotsana Dhawan, Centre for Cellular and Molecular Biology, India), mouse mAb22C10 (1:50, kind gift from Dr. K. VijayRaghavan, National Centre of Biological Sciences, Bangalore, India), and anti-SNS (1:100,kind gift from Dr. Benny Shilo, Weizmann Institute of Science, Israel). Counterstaining was done using Fluorescent-labelled Phalloidin (1:200, Sigma) to stain actin in muscles or salivary glands. Secondary antibodies used were Alexafluor 488 labelled goat anti-rabbit IgG (1:1500, Molecular Probes) and Alexafluor 594 labelled goat antimouse IgG (1:1500, Molecular Probes). White pre-pupae were collected and aged to desired time (hours after puparium formation (APF)) for dissection. The tissues (pupal or adult indirect flight muscles and salivary glands) were processed for imaging as described previously (Rai et al., 2014a) . Images were captured using a Zeiss LSM510 confocal microscope. CorelDRAW ×7 (Version 17.1.0.572) was used for putting the images together.
Statistical analysis
The number of myoblasts or percentage area occupied by myoblasts/ myonuclei in muscles or wing disc was measured using the image J software. Graphs were made on GraphPad Prism6 (version 6.05).
Quantitative PCR
Larval salivary glands were dissected from desired genotypes, taking care to remove as much of the fat body as possible. Dissected salivary glands were homogenized in TRIsure (BIOLINE-38,032) and RNA was extracted following the standard procedure. cDNA was synthesized using a first strand cDNA synthesis kit (ThermoScientific, No. K1652). The following primers were used: reference ribosomal protein 49 gene FP:5′-AAGCTGTCGCACAAATGG-3′; RP:5′-ATCCGTAACCGATGTTGG-3′ and Cyclin E gene FP:5′-GAGGCAACCGATGACAGATT-3′; RP:5′-CACAAG AGCACATCTCGTCG-3′. DyNAmoTM HS SYBR green mix (Thermo Scientific F-410L) was used for carrying out the real time amplification and fluorescence was recorded using ABI Prism 7900HT sequence detection system (Applied Biosystems SDS 2.1 software, USA).
Results
Adult ewg l1 mutant flies show aberrant IFM pattern
During IFM development, DLM grows by incorporation of myonuclei and differentiation into functional muscle fibres. A measure of DLM growth from 24 h APF to 36 h APF showed a significant increase in number of myonuclear columns ( Supplementary Fig. S1 , table). Ewg starts to express in the fusing myoblasts as early as 8 h APF and continues to express in the myonuclei of developing muscles (Supplementary Fig. S1A -E). The expression then regresses after 42 h APF (DeSimone et al., 1996) . In order to study Ewg's function in DLM development, we used a recessive allele of Ewg which is ewg l1 . However, since ewg l1 results in embryonic lethality due to its requirement in neurons (de la Pompa et al., 1989) , a neuronal-rescue line, ewg l1 ; NS 4 was used (DeSimone et al., 1996) . We checked the fly-line by anti-Ewg staining which was present in the brain lobes of both the wild type and mutant pupal preparations ( Fig. 1A, B) . However, as expected Ewg-staining was absent in the ewg l1 ; NS 4 DLM templates, whereas anti-Ewg-stained myoblasts and myonuclei were observed in the wild type DLM templates ( Fig. 1A ′-A‴, B′-B‴). We will henceforth refer this muscle mutant genotype as Ewg-null (for myoblasts). Adult mutant flies were largely flightless (Fig. 1C) . Muscle birefringence revealed the IFM pattern of six DLMs ( Fig. 1D ) and three sets of DVMs (Fig. 1D′ ) in the wild type controls. Contrary to previous data where DLMs were reported to be completely absent in Ewg-null mutants ( Fig. 1E .1) (DeSimone et al., 1996; Roy and VijayRaghavan, 1998) , upto 20% of adult mutant hemithoraces showed presence of DLMs ( Fig. 1E .2, F). The number of DVM sets varied from none (10% hemithoraces) to three (60% hemithoraces), but were seldom completely absent ( Fig. 1G .1-G.4, H). Since Ewg showed a specific time window of expression, we extended Ewg's expression in the DLM using two Gal4 lines viz., BS#8700 and Mhc-Gal4 (data not shown with Mhc-Gal4 which showed a similar phenotype to that of BS#8700). Pupal DLM morphology was comparable to the wild type at 46 h APF (Supplementary Fig. S2A -B), but the adult myofibrils were much thinner and wavy in appearance in the experimental flies ( Supplementary Fig. S2D ). In older flies (10 days), the myofibrils were severely disrupted and disorganised with loss of sarcomeres and displayed actin stained clumps ( Supplementary Fig. S2E , G), suggesting a muscle-lethal effect. As a result, DLM cross-sectional area was smaller ( Supplementary Fig. S2I ) and muscles lacked birefringence when detected under the polarised light ( Supplementary Fig. S2J .1-J.3), suggesting a tight spatio-temporal requirement of Ewg in early IFM development.
Loss of Ewg results in larval template degeneration, splitting defect and bilateral asymmetry
Since Ewg expresses early during development, we looked at the early developmental defects in mutant DLM. The three larval templates that are spared from the histolytic process during the pupal metamorphosis are crucial for the patterning of DLMs (Fernandes and Keshishian, 1996) . In the wild type pupae, the splitting of larval templates starts at 14 h APF and is complete by 20 h APF ( Supplementary  Fig. S1A, B) . In the mutants, splitting was not observed even at 20 h APF (Fig. 2B.1-B. 3) and the templates degenerated (arrows) as also previously reported .
In order to substantiate the splitting defect, Rab4 labelling was performed to track changes in membrane events along the splitting axis. Rab4 is an early endosome marker (McCaffrey et al., 2001 ). In the wild type DLM templates, Rab4 positive vesicles were present at the interface of splitting axis (Fig. 2C-C″) . On the contrary, the mutant DLM template exhibited a random distribution of Rab4 positive vesicles throughout the template (Fig. 2D-D″) . It suggests that in most of the mutant preparations, membrane remodelling necessary for splitting did not occur. As a consequence, asymmetry was observed in the IFM pattern of the two halves of the thorax in mutant flies (Fig. 2G .2-G.3), but not in wild type where the IFM arrangement is invariably symmetric (Fig. 2E, F) .
Extended expression of anti-differentiation factors in developing IFM results in defects in differentiation (Anant et al., 1998) . To rule out the degeneration of larval templates as an outcome of differentiation defect, the expression of a notch target, E(spl)m6 was checked. It is one of the genes from Enhancer of split-Complex (E(spl)-Complex) (Lai et al., 2000) and could be used as a read-out of Notch signalling. Expression of this anti-differentiation marker was restricted to surrounding myoblasts similar to wild type ( Supplementary Fig. S3A , B) which confirms that the larval template degeneration is not because of any defects in the transcriptional program of differentiation. Additionally, the remnant adult IFMs in ewg l1 ; NS 4 flies showed wild type morphology (Supplementary Fig. S3C-E) . It is to be noted that the some of the mutant muscles also degenerate owing to disruption of the spatially segregated function of Ewg in mitochondrial fusion (Rai et al., 2014a) . Nonetheless, surviving mutant muscles showed the presence of arthrin (monoubiquitinated actin that is exclusively expressed in IFMs) indicating proper thin filament assembly ( Supplementary Fig. S3F ) (Nongthomba et al., 2004) . Also, the expression of structural protein isoforms specific to IFMs was unaltered in the mutant (data not shown), indicative of normal differentiation program. We next checked if the developmental defects in the mutant can be rescued with a copy of UAS-ewg transgene. Ewg expression could be visualised in the myoblasts and muscles ( Supplementary Fig. S4A , B) both at 18 h APF and 24 h APF. However, larval muscle templates did not split. As a consequence, the adults had three DLMs instead of six; however the DVM pattern was completely rescued ( Supplementary  Fig. S4C ). The neuronal innervations was disorganised in the mutant ( Supplementary Fig. S4F-F″) . In the rescued DLMs, pattern of neuronal innervation ( Supplementary Fig. S4G′ -G″, arrows) was similar to that of the wild type ( Supplementary Fig. S4E-E″) . However, instead of feeding two DLMs, two nerves fed only a single DLM in the rescued flies. The flight defect of mutant flies was also rescued (Supplementary Fig. S4D ), as reported previously (DeSimone et al., 1996) . Thus, apart from the DLM pattern, the flight ability, the template degeneration, and neuronal innervations were all restored, confirming that the phenotype was indeed caused by the loss of Ewg.
Loss of Ewg results in lesser myoblast fusion events
Twist-expression continues in myoblasts until they come into close proximity to the muscle templates and is down-regulated upon fusion ( Fernandes et al., 1991) . Ewg is not expressed in the wing disc, and as a result the myoblast population is not affected in its absence (Fig. 3A,  B) . Both the percentage of wing disc area covered by myoblasts and number of myoblasts in a given area showed no statistical difference (Fig. 3C, D) . Because Ewg starts to express around 8 h APF, the migration and expanse of area occupied by surrounding myoblasts around the DLM templates was quantitated (Fig. 3E, F) . Myoblasts occupied similar area (Fig. 3G) ; though the congregation of myoblasts seemed more in the mutant (Fig. 3F) . Hence, the number of myoblasts was also quantitated, but showed no statistical difference (Fig. 3H) .
Since myoblast number, migration and distribution were not affected, the next event to look at was myoblast fusion. Aggregation and fusion of myoblasts is a hallmark of myogenesis. Myoblast fusion was examined at two stages of pupal development, 18 h APF when the fusion of myoblasts accompanies template splitting and at 24 h APF when the fusion process is at the peak and template splitting is over (Fernandes et al., 1991) . At 18 h APF, the wild type DLM template split and incorporated a number of myoblasts, suggesting an effective fusion process (Fig. 3I-I") . In contrast, most Ewg-null myoblasts showed lesser fusion at 18 h APF (compare Fig. 3I and Fig. 3J, arrows) . The mutant template also lacked any recognizable pattern of nuclear arrangement, (L-L″) Surviving mutant template incorporates lesser myonuclei (arrows) when compared to the age-matched wild type, as apparent from empty space in the template between two arrows. (M) Percentage area occupied by myonuclei in a given muscle area was calculated for pupal preparations from 24 h APF, which is significantly (P = 0.0060, unpaired Student's t-test) lesser in mutant compared to wild type (n = 7 for wild type and n = 8 for mutant). **P b 0.05. Unpaired Student's t-test was performed, ns: non-significant. Data are means ± s.d. Scale bars: 50 μm (A, B, E, F), 10 μm (I-L).
indicating a splitting defect (Fig. 3J) . At 24 h APF, the wild type developing DLM showed an extensive incorporation of myoblasts (Fig. 3K) . The surviving template in age-matched mutants also contained a number of myoblasts but fewer in comparison to wild type (compare Fig. 3K and Fig. 3L, arrows) . Since extensive fusion takes place, nuclei overlap and make counting difficult, thus the percentage area covered by nuclei within a developing muscle was analysed at 24 h APF in order to compare the extent of myoblast fusion. This was found to be significantly lesser in developing muscles of mutant compared to the wild type (Fig. 3M) , indicating lesser myoblast fusion in mutant muscles.
Ewg is required for spatio-temporal progression of IFM differentiation and development
Less myoblast fusion can either lead to template degeneration or delay in the myogenesis. While template degeneration was indeed observed (Fig. 2) , the progress of myogenesis was tracked through Act88F-GFP expression. Act88F is the only actin isoform in IFMs (Nongthomba et al., 2001 ). Act88F-GFP, a reporter construct (Barthmaier and Fyrberg, 1995) , was brought in the ewg l1 mutant background for the profiling. A marked delay in IFM appearance was noticed in the mutants (Fig. 4B .1, B.2, arrowheads) compared to the wild type (Fig. 4A ). Act88F-GFP expression was seen in the wild type developing IFMs commencing from 31 h APF (Fig. 4A ). In the mutant, the expression was observed at around 43 h APF and the fluorescence was weaker compared to the wild type (compare Fig. 4A and Fig. 4B .1, B.2), indicating delayed onset of differentiation and development. None of the mutant pupae (n ≈ 100) showed the expression at 31 h APF (Fig. 4C) . The overall developmental duration of flies, however, was not affected as evident from their eclosion time (Fig. 4D) . To rule out a defect in fusion process per se, myoblast membrane was stained with an antibody against fusion membrane protein stick and stones (SNS). SNS staining was observed in both the wild type and mutant myoblasts (Fig. 4E, F) . Taken together, our results imply that the Ewgnull myoblasts fail to undergo necessary number of fusion events at a given time, resulting in delayed differentiation. The requirement for larval muscle template is exclusive to DLM formation, whereas DVM and adult abdominal muscles form by the de novo fusion of myoblasts to specialised cells called founders (Atreya and Fernandes, 2008; Dutta et al., 2004) . The larval template does not survive in absence of fusion , so it is possible that myoblasts undergo delayed fusion in absence of the larval templates. Examination of a mutant pupal preparation at 24 h APF revealed the existence of a number of single distinct fibres adjacent to a surviving and developing DLM, (Z-projection, Supplementary Fig. S5A ′-A″, single optical section, Supplementary Fig.S5B′ -B″, empty arrowheads). These single fibres were found to contain myoblasts in one continuous array spanning the length of the fibre ( Supplementary Fig. S5B , double empty arrowheads). This phenotype was similar to what is observed in case of de novo formation of DVM (Atreya and Fernandes, 2008) . It is likely that the myoblasts undergo de novo fusion at the site of DLM formation in the absence of templates, similar to previous studies involving template ablation experiments (Fernandes and Keshishian, 1996) .
To summarise here, Ewg is expressed in fusing myoblasts and nuclei of developing fibre. Ewg is not required for migration/distribution of myoblasts or for the myofibrillogenesis process, indicating a role before differentiation. Ewg is however required for timely myoblast fusion and development of DLMs. Fig. 5A -B summarises the defects observed in muscle-specific Ewg-null condition that culminate into an aberrant IFM pattern and bilateral asymmetry across the hemithoraces in a fly.
Cyclin E is negatively regulated by Ewg
In order to elucidate the mechanism of Ewg induced temporal regulation of DLM development; possible downstream targets were found out. The vertebrate Ewg orthologue, nuclear respiratory factor 1 (NRF1), is a transcriptional activator that binds specifically to the NRF1 consensus site (Fazio et al., 2001) . Genome Enhancer 2.0 Beta application was used for scanning the whole Drosophila genome for the Ewg/NRF1 consensus binding sequence, YGCGCAYGCGCR (Y:Py R:Pu), which identified possible downstream target genes. 477 clusters containing a single Ewg consensus were found. 155 genes were screened out that contained the motif either within a gene or 2000 bp upstream or downstream of a gene. 146 genes from this list were identified in the DAVID bioinformatic database (Dennis et al., 2003) and were assigned functions. The genes were also assigned functions through Flybase tool (www.flybase.org). The functionally classified downstream targets of Ewg are broadly presented in Supplementary Fig. S6B . The most important roles of the possible targets included morphogenesis (20%), cell cycle regulation (7%), metabolism (14%), signalling (12%) and mitochondrial functions (4%). Cyclin E was picked as a promising candidate.
Since only fusing myoblasts express Ewg, it was technically challenging to sort these myoblasts and look for stages of cell cycles. Therefore, to test the cell cycle transcriptional status, presence of endogenous Ewg expression in third instar larval salivary glands was exploited (DeSimone and White, 1993; Xin et al., 2011) . Salivary gland cells have large polyploid nuclei (Fig. 5C ) that makes visualization easier. To determine whether Ewg regulates Cyclin E expression, immunostaining experiments were performed on salivary glands with antibody against Cyclin E. On knocking down Ewg in salivary gland using a specific Gal4 (AB1-Gal4), Cyclin E expression was observed in the nuclei (Fig. 5E-E') , which was otherwise not picked up by the antibody in the wild type (Fig. 5D-D" ) or when Ewg was over-expressed in the salivary glands (data not shown). As a positive control, Cyclin E overexpression was carried out in the wild type salivary glands, which picked up Cyclin E staining in the nuclei (Supplementary Fig. S6B ). These experiments were repeated five times to check the reproducibility. In addition, ≈4-fold induction in Cyclin E mRNA expression was detected using quantitative RT-PCR with three biological samples (Fig. 5F ).
Negative regulation of Cyclin E levels by Ewg was further confirmed by rescue experiment through knockdown of Cyclin E in Ewg-null background. Reducing Cyclin E levels in myoblasts showed partial rescue of muscle and flight defect observed in the ewg l1 ; NS 4 mutant (Fig. 6E) .
Knockdown of Cyclin E in mutant background was achieved using Dmef2-Gal4. Lack of DLMs was completely rescued (Fig. 6B-D, F) ; the pattern however was not rescued to that seen in wild type (Fig. 6A) . Number of DVMs was completely rescued (Fig. 6G ).
Discussion
Muscle growth takes place by incorporation of nuclei into the sarcoplasm. As a result, existence of spatio-temporal developmental cues that regulate the number of myonuclei is vital. High throughput studies have indicated that the temporal program of periodic transcription of cell cycle genes is controlled by sequential transcription factor expression. This mechanism is independent of extrinsic control by cyclin-CDK complexes (Orlando et al., 2008) . However, tissue specific factors with a role in regulation of cell cycle are not widely studied in vivo.
An appropriate number of myoblasts is an essential determinant of the IFM size and pattern (Rai and Nongthomba, 2013) . A number of evidences exists that link cell cycle exit to muscle differentiation. However, the upstream factors that control the timing of cell cycle exit and gene(s) expression remain elusive. This study finds Ewg, a transcription factor/co-activator known to express in the fusing myoblasts (throughout the duration of myoblast fusion) has a role in the regulation of cell cycle exit through modulation of Cyclin E expression. Antidifferentiation factors keep myoblasts in proliferative yet undifferentiated (or semi-differentiated) state till they fuse (Anant et al., 1998; Gildor et al., 2012) . Prior to fusion/differentiation, myoblasts must exit cell cycle. C2 myoblasts that overexpress Rac1 do not withdraw from the cell cycle and as a result fail to fuse (Heller et al., 2001) . Increase in Cyclin E/Cdk2 activity along with E2F activation has been shown to prevent cell cycle exit as well as reverse the exit in terminally differentiating cells in the Drosophila wings and eyes (Buttitta et al., 2007) . It was proposed that some unknown factor(s), specific to a tissue inhibit E2F or Cyclin E/Cdk2 activity in differentiating cells, mediating cell cycle exit. Moreover, E2F targets included a number of targets covered by NRF1/Ewg consensus sequence (Cam et al., 2004) . This was interesting as both E2F and NRF1/Ewg targets are involved in repression of the transcription of genes which assist in cell cycle progression (Cam et al., 2004) . Cyclin E is known to be downstream of E2F (Duronio and O'Farrell, 1995) . Our screen of the whole Drosophila genome for NRF1/Ewg consensus binding sequence found Cyclin E as one of its targets. We found that knock-down of myoblast-specific Ewg expression, up-regulates Cyclin E. And conversely, Cyclin E knock-down in Ewg-null myoblasts partially rescues lack of IFMs and flight ability in Ewg-null flies. The rescue of Ewg-null mutant with either leaky expression of Ewg or Cyclin E knock-down could not be recapitulated to that of the wild type. It is suggestive of a tight regulation on timing of Ewg expression, which is difficult to replicate in vivo by Drosophila genetics. In addition, we propose that Ewg channelizes myoblasts to fuse in a temporal fashion but is not the only factor for cell cycle exit as myoblasts can still fuse and form muscles.
The implications of time-dependent cell cycle exit are important to study tissue development. Since Ewg deficient myoblasts fail to undergo timely cell cycle exit, myoblasts fuse in an unregulated pattern. While DLMs are known to form by fusion of myoblasts to larval templates, instances of de novo fusion are observed in the Ewg-null mutant flies. This is in concordance with the larval template and nerve ablation experiments, where de novo DLM fibres develop but are developmentally delayed (Fernandes and Keshishian, 1996; Fernandes and Keshishian, 1998) . Such a delayed development of IFMs is also observed in the mutant flies as reported with Act88F-GFP expression. It is thus apparent that loss of Ewg in myoblasts culminates in a delayed switch from cell cycle exit to differentiation, resulting in degeneration of larval template muscles, delayed muscle development and aberrant pattern. Myostatin is a well-studied growth factor, known for its role in regulation of myoblast proliferation, differentiation and muscle mass (Lee, 2004) . In mice, lack of MyoD in satellite cells results in delayed transition from proliferation to differentiation (Yablonka-Reuveni et al., 1999) . Recently, FGF13 has been shown to inhibit proliferation by down-regulation of Cyclin E protein as one of the mechanisms to negatively regulate skeletal muscle development (Lu et al., 2015) . Further studies aiming to identify factors that regulate cell cycle process upstream and independent of Cyclin E/ CDK will throw significant light towards understanding of muscle development.
Based on our current study, we propose a model for DLM development. Appropriate fusion events not only decide DLM template survival but also initiate template splitting. Once sufficient fusion events have taken place, the fused myoblasts segregate themselves into pairs of Ewg expressing nuclear columns. Each pair of these Ewg expressing nuclei lays down a presumptive DLM, available to undergo further fusion events with the Ewg-expressing myoblasts. This mode of two-step muscle formation, where initial fusion events constitute a platform for secondary growth, is seen in Drosophila embryo (Bataille et al., 2010; Schroter et al., 2004) as well as in vertebrates (Harris et al., 1989) . Founder cells are known to regulate the number of fusion events during the development of Drosophila embryonic muscles, whereas fusion competent cells are suggested to not contribute to the counting process (Bataille et al., 2010) . Our data however supports the role of fusing myoblasts (or FCMs) in the regulation of number of fusion events, but only those that express Ewg. In conclusion, our data support that a subset of myoblasts that express Ewg exit cell cycle, fuse and differentiate giving rise to six symmetric DLMs in adults.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2016.03.004.
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